Hymenaea courbaril is a leguminous tree species from the neotropical rain forests. Its cotyledons are largely enriched with a storage cell wall polysaccharide (xyloglucan). Studies of cell wall storage polymers have been focused mostly on the mechanisms of their disassembly, whereas the control of their mobilization and the relationship between their metabolism and seedling development is not well understood. Here, we show that xyloglucan mobilization is strictly controlled by the development of first leaves of the seedling, with the start of its degradation occurring after the beginning of eophyll (first leaves) expansion. During the period of storage mobilization, an increase in the levels of xyloglucan hydrolases, starch, and free sugars were observed in the cotyledons. Xyloglucan mobilization was inhibited by shoot excision, darkness, and by treatment with the auxin-transport inhibitor N-1-naphthylphthalamic acid. Analyses of endogenous indole-3-acetic acid in the cotyledons revealed that its increase in concentration is followed by the rise in xyloglucan hydrolase activities, indicating that auxin is directly related to xyloglucan mobilization. Cotyledons detached during xyloglucan mobilization and treated with 2,4-dichlorophenoxyacetic acid showed a similar mobilization rate as in attached cotyledons. This hormonal control is probably essential for the ecophysiological performance of this species in their natural environment since it is the main factor responsible for promoting synchronism between shoot growth and reserve degradation. This is likely to increase the efficiency of carbon reserves utilization by the growing seedling in the understorey light conditions of the rain forest.
The presence and mobilization of xyloglucans following seed germination were first reported in the 19th century for seeds of Impatiens balsamina, nasturtium (Tropaeolum majus), and Cyclamen europaeum (Heinricher, 1888; Reiss, 1889) . Later in the 1960s, the botanical distribution of xyloglucans in seeds was reviewed by Kooiman (1960) , who used the ability of xyloglucan to stain with iodine, giving a distinctive blue color, as a form of detection.
Seed xyloglucans have a main b-D-(1fi4)-glucan backbone branched with a(1fi6)-linked D-xylopyranosyl or b-D-galactopyranosyl(1fi2)-D-xylopyranosyl residues. Except for the absence of terminal fucosyl units a-L-(1fi2)-linked to the branching b-D-galactosyl residues, there is a remarkable similarity between seed reserve xyloglucan and structural xyloglucan from primary cell walls of dicotyledonous tissues (Hayashi, 1989) .
The reserve function of xyloglucan in cotyledons has been demonstrated for seeds of nasturtium (Edwards et al., 1985) , Tamarindus indica (Reis et al., 1987) , Copaifera langsdorffii (Buckeridge et al., 1992) , and Hymenaea courbaril , where xyloglucan mobilization in vivo is followed by the rise and fall of the activities of four hydrolases: b-galactosidase, endob-(1fi4)-D-glucanase (or xyloglucan transglycosylase hydrolase [XTH] , which is a term used for the gene or protein that can have endo-transglycosylase [XET] or endo-b-hydrolase [XEH; hydrolase] activity [Rose et al., 2002] ), a-xylosidase, and b-glucosidase.
Reid and co-workers isolated the four main enzymes responsible for xyloglucan degradation in nasturtium. They are (1) xyloglucan-specific endo-b-(1fi4)-D-glucanase or xyloglucan XET (Edwards et al., 1986; Fanutti et al., 1993) ; (2) a b-galactosidase with high specificity toward xyloglucan (Edwards et al., 1988) ; (3) a xyloglucan oligosaccharide-specific a-xylosidase or oligoxyloglucan exo-xylohydrolase (Fanutti et al., 1991) ; and (4) a transglycosylating b-glucosidase (Crombie et al., 1998) .
On the basis of these results, together with other studies on the mode of action of the XTH (Edwards et al., 1986; Fanutti et al., 1993) , Crombie et al. (1998) proposed a model for xyloglucan mobilization in nasturtium. In this model, the four enzymes are thought to work in a concerted fashion, producing Gal, Glc, and Xyl. In nasturtium, XTH and b-galactosidase are the only enzymes capable of attacking the polymer. Under low concentrations of xyloglucan oligosaccharides (acceptors), XEH activity predominates over XET activity (Fanutti et al., 1993) . Thus, when in contact with high M r xyloglucan, hydrolysis predominates, producing oligosaccharides, which are promptly attacked by the exo-glycosidases (a-xylosidase and b-glucosidase), thereby reducing the polymer to its monosaccharide constituents. Reis et al. (1987) cytochemically analyzed the digestion of the xyloglucan-containing cell walls of T. indica cotyledons. Using the techniques of iodine staining and a gold probe prepared by complexing Escherichia coli b-galactosidase with gold particles, they were able to study xyloglucan mobilization in cotyledon cell walls at the ultrastructural level with high specificity. They observed the presence of an inner and an outer wall, which are not degraded and become more apparent following xyloglucan mobilization. Furthermore, a fibrous material was left after mobilization, showing that not all the wall is mobilized. They also found that as xyloglucan is degraded, the relative proportions of monosaccharides (Glc:Xyl:Gal) do not change significantly.
In C. langsdorffii, the mobilization of the cotyledon cell wall storage has been observed cytochemically, physiologically, and biochemically by Buckeridge et al. (1992) . They have studied two different populations from two different biomes (forest and savannah) and did not find apparent differences in xyloglucan mobilization between seeds from the two environments. Recently, a b-galactosidase was purified from cotyledons of C. langsdorffii (Alcântara et al., 1999 ). In contrast with nasturtium b-galactosidase, this enzyme showed very high specificity toward certain xyloglucan oligosaccharides and was not active against the polymer. Furthermore, its pH optimum showed a very sharp peak at 3.2, while the optima of the other hydrolases were around 4.5.
In cotyledons of H. courbaril, Tiné et al. (2000) showed that xyloglucan is mobilized after germination and that Glc and Suc are produced concomitant with xyloglucan disassembly. Furthermore, these authors detected the same four xyloglucan-degrading enzyme activities that have been found in nasturtium. They also found evidence for the presence of transglycosylation activity (XET) in this species. As in C. langsdorffii, bgalactosidase activity, as detected using r-nitrophenyl galactopyranoside, had a pH optimum at 3.2, whereas the other hydrolases detected were active at 4.5. The results obtained for b-galactosidases of C. langsdorffii and H. courbaril suggest that this enzyme might be one of the important steps in the control of seed storage xyloglucan metabolism in legumes since the retrieval of Gal branches from certain xyloglucan oligosaccharides are essential for the further attack of the other exohydrolases of the system Tiné et al., 2003) .
Although some work has been performed on the mechanism of seed storage xyloglucan mobilization in seeds, very little is known about the control mechanisms involved in the process. The only report was provided by Hensel et al. (1991) , who demonstrated that 2,4-dichlorophenoxyacetic acid (2,4-D, a synthetic auxin) was capable of inducing xyloglucan mobilization in detached cotyledons of nasturtium. On the other hand, the effects of auxin on primary cell wall fucosylated xyloglucan have been studied more extensively; the principal effects of the hormone being (1) activation of H 1 transport to the extracellular medium (possibly related to activities of ATPases), in which the lowering of local pH favors the action of glycosidases and expansins (Taguchi et al., 1999; Cosgrove, 2000) , and (2) activation or alteration of gene expression so that enzymes (mainly glycosidases) have enhanced activities or are synthesized de novo. In this study, we investigated some aspects of the effect of auxin on the mobilization of xyloglucan in cotyledons of growing seedlings of H. courbaril. Our results indicate that auxin is involved in xyloglucan metabolism, being produced in the shoot of the growing seedling so that the pace of growth possibly controls storage mobilization in the cotyledons.
RESULTS

Storage Mobilization in the Cotyledons and Early Seedling Growth
The decay curve of dry mass of the cotyledons of H. courbaril decreased in two phases (Experiment I; see Fig. 7 for details of the experiments I and II). The first step was from 0 to 26 d, when protein bodies and raffinose series oligosaccharides are mobilized , and the second was from 34 to 50 d, when xyloglucan is degraded (Figs. 1A and 2A) . In detached cotyledons from growing seedlings at different stages of germination/establishment, a decrease in dry mass (Fig. 1A ) or xyloglucan content ( Fig. 2A ) was observed only when it occurred after 34 d. By contrast, when cotyledons were detached at 41 d and incubated in water, xyloglucan degradation was delayed but occurred at a similar rate as that observed in the attached cotyledons ( Fig. 2A) .
The addition of 10 26 M 2,4-D after 41 d significantly increased the rate and extent of xyloglucan degradation, similar to the extent observed in attached cotyledons ( Fig. 2A) . Exogenous 2,4-D affected xyloglucan mobilization only at the concentration of 10 26 M and in the same period as the attached cotyledons. Incubation of detached cotyledons in 2,4-D before the period of highest rate of xyloglucan mobilization (after 34 d) or in all periods at 10 24 and 10 25 M failed to evoke any detectable xyloglucan breakdown (data not shown).
The drastic dry mass loss and xyloglucan mobilization in the cotyledons were directly related to the increase in dry mass of the seedling, mainly with the shoot and expansion of eophylls (Figs. 1 and 2A) . This relationship was clearer from the observation of seedlings of H. courbaril growing after excision of the shoot or in the darkness. The latter prevented the increase in total leaf area (Fig. 1D ) and dry masses of whole seedlings (Fig. 1B) and their shoot (Fig. 1C) . Furthermore, darkness promoted a reduction of xyloglucan mobilization (Figs. 1A and 2C ).
Another group of seedlings, subjected to excision of the shoot at 34 d (when xyloglucan degradation starts), showed a strong delay in xyloglucan mobilization (Fig. 2C ). This inhibitory effect was followed by a significant reduction of seedling growth (Fig. 1B) . Approximately 15 d after excision, the shoot started to grow again, producing new leaves (Fig. 1, C and D) , an event that was followed by an increase in xyloglucan mobilization (Fig. 2C) .
Starch, Soluble Sugars, and Xyloglucan Metabolism
The reduction observed in dry mass and xyloglucan during mobilization was followed by an increase in the amount of starch, mainly in detached cotyledons. Moreover, addition of 10 26 M 2,4-D to detached cotyledons at a period of advanced mobilization (41 d) promoted an even greater increase in starch synthesis (Fig. 2B) , suggesting that this phenomenon might be dependent on xyloglucan mobilization.
Seedlings growing in the darkness or with the excision of the shoot showed an induction of starch synthesis, accumulating relatively higher amounts of starch in the cotyledons than the control plants (Fig.  2D ). In the excised seedlings, the accumulated starch was mobilized when growth of the shoot restarted. Analysis of the free sugars showed that in attached cotyledons, Fru and Glc increased at the same time as xyloglucan was degraded, peaking at 48 d and decreasing rapidly afterward (Table I , control seedling). Suc was also present during the germination period, decreasing quickly up to 26 d and increasing again during xyloglucan degradation. When seedlings were grown in the darkness or when the shoot was excised, a strong reduction in the concentration of free sugars was observed (Table I ). The resumption of xyloglucan mobilization after excision of shoot was also confirmed by a parallel increase in Glc, Fru, and Suc in the cotyledons (Table I ).
The analysis of detached cotyledons showed that only those isolated after 34 d were capable of maintaining an increase in free sugars, reaching higher levels when detachment occurred at 41 d (Table I) . Likewise, cotyledons treated with 2,4-D at 41 d showed high free-sugar contents during xyloglucan mobilization. It is important to note that isolated cotyledons tended to show a higher Suc to monosaccharide ratio than attached cotyledons.
Xyloglucan Hydrolases
In attached cotyledons, all hydrolase activities related to xyloglucan mobilization increased during the same period of the most intense changes in dry mass and carbohydrate contents. In all treatments, the increase in the activities of XEH, a-xylosidase (assayed In cotyledons detached at 19 d (Fig. 7 , Experiment I), the activities of the three enzymes did not increase at the same rate as in the attached cotyledons. However, the cotyledons isolated at 34 and 41 d and kept in water thereafter showed a less pronounced increase in activities of both endo-and exo-enzymes in comparison with detached cotyledons incubated in 2,4-D or attached cotyledons (Fig. 3 , B, D, and F). This occurred concomitantly with the reduction of xyloglucan and with the increase of free sugars and starch in the cotyledons (Table I ; Fig. 2 ). The enzyme activities in cotyledons detached at 41 d were also stimulated by 10 26 M 2,4-D, in particular XEH activity (Fig. 3B ).
The dark-grown seedlings showed reduction of all hydrolase activities in relation to the light-growth seedlings (Fig. 3 , A, C, and E). This was also observed after excision of the shoot of the seedling in both experiments (Figs. 3 and 4) .
In order to evaluate the isolated effect of auxin on the activity of xyloglucan hydrolases in the presence of sink strength, the following treatments were used: top shoot excision or application of N-1-naphthylphthalamic acid (NPA, an inhibitor of auxin transport). Although after top shoot excision no differences in hydrolase activities had been observed, when NPA was used, with the exception of XEH, all hydrolase activities were strongly reduced (Fig. 4) . The exception of this reduction was observed with XEH, which has not been significantly reduced by NPA (Fig. 4A ). This reduction in hydrolase activities may be explained by the fact that auxin is produced by the entire shoot, and in our experiments, although excision of the top shoot decreased the level of auxin in the cotyledons, NPA also promoted a strong reduction in indole-3-acetic acid (IAA) contents in the cotyledons in relation to the treatments of top shoot excised and control seedlings (see below).
Endogenous Auxin
Aiming to test the hypothesis that there is a relationship between auxin increase and xyloglucan mobilization in the cotyledons of H. courbaril, we sought to measure the endogenous levels of auxin in detached or in attached cotyledons of seedlings submitted to shoot (all parts above cotyledons) and top shoot excision (all parts above the eophylls; see Experiment II in Fig. 7 ) and auxin transport inhibition (NPA). Our results showed that auxin levels increased at the same period of the xyloglucan mobilization in the cotyledons of H. courbaril (Fig. 5) . Levels of IAA increased rapidly in cotyledons of intact (control) seedlings (approximately 8-fold), but in cotyledons of seedlings that had their shoot excised at 34 d, the highest IAA level was reached several days later and coincided with the observed regrowth of the shoot (compare Figs. 5A and  1D ). On the other hand, in cotyledons detached at 34 d, no increase in IAA was observed (Fig. 5A) . A similar behavior was observed for attached cotyledons from seedlings in the dark, from shoot excised kept in the light, or NPA treated (Fig. 5, A and B) . Although these results suggest that the cotyledons of H. courbaril appear not to be able to produce endogenous auxin, this possibility cannot be excluded since in the lightkept cotyledons (NPA or shoot excised), a small increase in IAA was observed throughout the experiment (Fig. 5B) .
DISCUSSION
According to Bewley and Black (1994) , there are two possible mechanisms by which the embryonic axis can control storage mobilization in seeds. One is through the action of the axis as a sink organ, metabolizing the products of storage compounds (e.g. Suc), avoiding feedback mechanisms by their end products, and another is through the delivery of a signal (e.g. a hormone) to modulate storage mobilization.
Our results can be used as a direct evidence for the hypothesis of the existence in developing seedlings of H. courbaril of a hormonal signal (auxin) as the principal control of xyloglucan mobilization in this tree species. However, other mechanisms related to metabolic events in the shoot organs (eophyll and leaves), as well as in the cotyledons, appear to participate in a chain of events that are related to the modulation of xyloglucan catabolism and use of its products during seedling growth. Our results suggest that the embryonic axis apparently plays a role in xyloglucan mobilization by establishment of a sink for its degradation products, mainly in the expanding leaves. In this process, as previously proposed by Chory (1993) , light seems to play an important role by stimulating the production of the shoot, which was the main sink to the products of xyloglucan. The reductions of the rate of xyloglucan mobilization by excision of the shoot or by isolation of cotyledons appear to be related to the observed re- Peres et al., 1997) and by GC-SIM-MS (B; Chen et al., 1988) . In A, the IAA was measured in the attached cotyledons from intact seedlings of H. courbaril growing in light, darkness, or with shoot excised above the cotyledons insertions (shoot excised) at 34 d. The only isolated cotyledons used as a reference in this case were the ones detached at 34 d and subsequently kept in the darkness. The plant materials used for auxin analyses were selected according to availability of tissue and to maximize the differences observed during the period of analysis. In B, the IAA was also measured in attached cotyledons of intact seedlings of H. courbaril grown in the light and in intact seedlings treated with NPA at 200 mM (NPA 200 mM). In the last technique, the IAA was also evaluated in shoot excised seedlings at 34 d (shoot excised), in shoot excised seedlings with light-protected cotyledons (shoot excised LPC), and in seedlings with the shoot apex excised (top shoot excised). Bars represent SD of the mean of three composed replicates. duction in activity of all xyloglucan hydrolases (Figs. 3  and 4 ). This might be partially explained by the reduction of sink strength, denoted by the observation of high levels of starch and soluble free sugars in the cotyledons ( Fig. 2D ; Table I) , and a consequent feedback inhibition.
Our results suggest that accumulation of starch might be dependent on xyloglucan mobilization. Indeed, transitory starch has been observed previously in seeds that mobilize galactomannan (Reid, 1971; McCleary, 1983; Buckeridge and Dietrich, 1996) , and this has been proposed as an important step in the regulation of carbon flow in leaves (Ludewig et al., 1998) . It is thought that transitory starch is synthesized as a response to the production of large amounts of carbon during storage cell wall polysaccharide mobilization . Although starch has been previously detected in cotyledon of H. courbaril during the period of xyloglucan mobilization , the results presented in this study show for the first time, to our knowledge, what appears to be a direct relationship between events of starch accumulation associated with different rates of degradation of xyloglucan in the cotyledons.
According to Rolland et al. (2002) , a low level of sugars enhances photosynthesis, reserve mobilization, and export, whereas their abundant presence promotes growth and storage. These authors also highlight the fact that sugar-limited conditions down-regulated biosynthetic activities to conserve energy and protect cells against nutrient stress. This is usually accompanied by up-regulation of starch degradation to sustain metabolic activity (Yu, 1999; Fujiki et al., 2000) .
In the cotyledons of H. courbaril, the accumulation of starch may be therefore considered as a temporary consequence of the relationship between source (xyloglucan degradation) and sink (synthesis/transport of Suc to the shoot) intensities. By storing starch Figure 6 . Representation of the synchronism between events taking place during xyloglucan mobilization and shoot development in developing seedlings of H. courbaril. Auxin (IAA) is produced in expanding leaves (eophyll and first metaphyll) and transported to cotyledons by polar transport, which can be stimulated by red light (1) and inhibited by NPA. In the cotyledons, the IAA may act on the modulation of expression of the genes coding for cell wall hydrolases (2); on 1 H-pump activity reducing the apoplastic pH (3); or on the establishment of vascular system (4). Following the xyloglucan (XG) degradation (5) in storage cell walls of cotyledons by the concerted action of the hydrolases, monosaccharides (Ms) are transported to the cytoplasm, where they are metabolized (6) to Suc and starch. The Suc produced is driven mainly toward the growing shoot (7). In the shoot, light stimulates (8) growth, using Suc as a carbon backbone, which results in IAA availability to the cotyledons and consequently stimulation of xyloglucan mobilization.
transitorily, the seedling may thus avoid potentially adverse effects of accumulation of high concentration of reducing sugars (Geiger et al., 2000) .
At the H. courbaril cotyledon cell wall level, the balance between XET and XEH activities is dependent on the oligosaccharide concentration present in the apoplast . Furthermore, the b-galactosidase of cotyledons of H. courbaril is strongly inhibited by Gal (K i 5 3.7 mM; Alcântara, 2000) . A strong inhibitory effect was also observed on hydrolase activities when cotyledons of shoot excised seedlings were covered with aluminum foil (Fig. 4) . These results permit to speculate that darkness has an inhibitory effect on xyloglucan mobilization so that the cotyledons have a mechanism to sense light.
A possible explanation for the effect of light is the observation of presence of active photosynthesis (only electron transport but not CO 2 assimilation) in cotyledons of H. courbaril (M.P.M. Aidar, U. Lutgge, L.I.V. Amaral, M.S. Buckeridge, unpublished data). According to recent observations by Rolletschek et al. (2003) , photosynthesis contributes with oxygen supply in cotyledons of pea (another legume). Thus, it is possible to speculate that the decrease in the activities of hydrolases in the darkness might be a consequence of lack of oxygen.
Altogether, these observations suggest that xyloglucan mobilization is probably controlled by multiple factors at different levels in cotyledon tissue. There appear to exist points of control acting as local effects of reaction products in the wall (e.g. oligosaccharides and free Gal), up to a more indirect environmental effect of light on the cotyledons themselves.
Auxin and Xyloglucan Mobilization
Considering the second mechanism proposed by Bewley and Black (1994) , in which storage mobilization might be controlled by hormones, our experiments have shown that auxin appears to be involved in the control of xyloglucan mobilization in the cotyledons. One piece of evidence favoring this hypothesis is that the concentration of IAA in the cotyledons varied in accordance with the changes in hydrolase activities (Figs. 3-5) . Furthermore, this increase in IAA in the cotyledons can be significantly decreased or delayed by (1) excision of the shoot; (2) growth in the darkness; and (3) use of NPA, an inhibitor of polar auxin transport (Jensen et al., 1998; Reed et al., 1998; Muday and DeLong, 2001) . As the addition of 10 26 M 2,4-D to detached cotyledons was able to induce an increase in xyloglucan degradation, starch biosynthesis and at the same time promote xyloglucan hydrolase activities, it can also be deduced that these events are possibly under the control of auxin, as has been observed for primary (Hoson, 1993; Valero and Labrador, 1995; Catalá et al., 1997 Catalá et al., , 2000 Kotake et al., 2000) and storage cell walls (Hensel et al., 1991) . Furthermore, as in the case of nasturtium (Hensel et al., 1991) , we can speculate that cotyledons of H. courbaril become sensitive to auxin only during the period of xyloglucan mobilization since the incubations of detached cotyledons in 2,4-D before this period failed to evoke any detectable degradation of xyloglucan (data not shown).
Altogether, the results confirm that the IAA present in the cotyledons during xyloglucan mobilization is produced in and transported from the developing shoot, which is considered the main site of auxin biosynthesis (Bartel, 1997) . It should be noted that during xyloglucan mobilization, IAA seems to be produced mainly in the expanding eophylls since the excision of the shoot apex had a limited effect on IAA production (Fig. 5B) .
The levels of IAA in the cotyledons seem to be strongly associated with polar auxin transport, as we confirmed by NPA treatment, and not with hydrolysis of IAA conjugates as has been described for seedlings of Pinus sylvestris (Ljung et al., 2001) . The behavior of NPA-treated seedlings clearly demonstrated that the increase in xyloglucan hydrolase activities was strongly dependent on polar auxin transport from the developing shoot. This treatment promoted a negative regulation of all hydrolase activities (Fig. 4) .
Recently, studies have demonstrated the importance of polar auxin transport in many aspects of plant development, such as the expansion of hypocotyl of cucumber (Shinkle et al., 1998) , Arabidopsis (Jensen et al., 1998) , and tomato (Kraepiel et al., 2001 ) hypocotyls, as well as the development of lateral roots (Reed et al., 1998) and the differentiation of leaf and cotyledon veins in Arabidopsis (Sieburth, 1999) . Polar auxin transport is also considered to be a coordinator of rhythmicity in the extension rate oscillations of the first internode in Arabidopsis (Jouve et al., 1999) . However, in most cases, the action of auxin has been described in the context of influencing the metabolism of the primary cell wall in growing herbaceous seedlings.
The single work in which a relationship between auxin and storage cell wall metabolism had been reported was in cotyledons of nasturtium (Hensel et al., 1991) , which is also a herbaceous species. To our knowledge, this study is the first evidence of a relationship between endogenous levels of IAA and storage xyloglucan mobilization in the cotyledons of H. courbaril, a shade-tolerant tree from the neotropical rain forests. Among the possibilities for further studies are the influences of IAA on vein establishment in the cotyledons, the expression of cell wall-related genes, and on apoplastic pH, since acid pH optima (3.2-4.5) for the activities of xyloglucan hydrolases have been demonstrated in cotyledons of H. courbaril (Alcântara, 2000; Tiné et al., 2000) and in C. langsdorffii (Alcântara et al., 1999) .
Synchronism and Ecological Function
Considering the results in terms of the effects of sink and auxin on carbohydrate metabolism in the cotyledons, it can be suggested that both light and aerial parts have a strong relationship with the catabolism of the storage cell wall xyloglucan and transient accumulation of starch and Suc, as summarized in Figure 6 . As H. courbaril is a shade-tolerant species (Souza and Válio, 1999) , this kind of correlation highlights the existence of a synchronism among the rates of storage mobilization/product utilization, depending on light intensity or light quality. Shinkle et al. (1998) demonstrated that red light is capable of inducing polar transport of auxin in Arabidopsis and cucumber, respectively. However, Kraepiel et al. (2001) showed indirectly that in tomato, the transport was independent of light. Our results showed that darkness strongly inhibited polar auxin transport in seedlings of Hymenaea. Also, in experiments where seedlings were grown under different conditions of red to far red ratios, mobilization was faster in increasing proportions of red light (H.P. Santos and M.S. Buckeridge, unpublished data) . This suggests that seedlings of H. courbaril respond to light in a similar way to that of Arabidopsis and cucumber. Considering the results of Shinkle et al. (1998) on the influence of light on auxin polar transport, the hormonal control observed could play an important ecophysiological role in seedlings of H. courbaril by promoting synchronism between growth and reserve degradation under variable light conditions (Fig. 6) . This is likely to increase the efficiency of carbon reserve utilization by the growing seedling in the understorey of the rain forest.
Altogether, our results corroborate the hypothesis that the presence of cell wall polysaccharides as storage compounds in cotyledons reflects an ancient functional transfer during evolution, as has been suggested by Buckeridge et al. (2000) . This hypothesis states that not only the polymer but also its related metabolism might have been subjected to similar selective pressure during evolution. Therefore, it is reasonable to suggest that certain features of the mechanism of primary cell extension have been maintained in the storage cell wall metabolism during evolution, so that the catabolism of xyloglucan and its control mechanisms resemble the auxin-induced growth of primary cell walls. Our data support this hypothesis.
MATERIALS AND METHODS
Material and Experimental Conditions
In all experiments we employed size-selected seeds (5.5-6.0 g) of Hymenaea courbaril, collected in São João da Boa Vista county (22°00#S; 47°18#W), São Paulo, Brazil. These seeds were stored for 4 years under dry and cold conditions (relative humidity 35%, 8°C) in the Botanical Institute of São Paulo, Brazil. Seeds were scarified with sandpaper on the lateral position in relation to the embryo, surface-sterilized for 15 min in 10-fold-diluted commercial hypochlorite bleach, rinsed, and placed on trays between two sheets of wet paper (at 30°C) until germination was visible (0.5 cm of radicle). Elapsed time in all experiments was registered in relation to the beginning of imbibition, in days (days after imbibition of seeds).
Germinated seeds were placed in pots (1.5 L) with a washed sand:vermiculite mixture (2:1, v/v), and the pots were placed in a growth chamber, under shelves equipped with 10 fluorescent lamps (60 W) and four incandescent lamps (40 W) reaching around 200 mE m 22 s 21 of photosynthetic active light intensity. The photoperiod throughout the experiments was 12-h-light/12-hdark cycle with constant temperature (25°C) and relative humidity (60%). Every 15 days, 50 mL of a complete Hoagland solution was added to each pot to avoid mineral deficiency.
Experiments and Treatment Descriptions
This study was performed with two complementary experiments, which are summarized in Figure 7 . The first one compared the xyloglucan mobilization process in detached and attached cotyledons. The attached cotyledons were followed in intact seedlings (control), in the darkness, and with excision of the shoot above the cotyledon insertion (shoot excised). With these procedures, we intended to characterize the xyloglucan mobilization process in intact plants or in plants growing without light stimulus or shoot sink, as well as to check whether and when the isolated cotyledons are able to start/ maintain the mobilization process. With these experiments, it has been possible to test whether cotyledons are able to respond to endogenous factors, including auxin.
The control plants were grown in pots as described above and without growth restrictions. For the dark treatment, the pots were placed into a black paper box under the same growth chamber conditions when the emergence of seedlings started, approximately 19 d. The shoot excision was performed at about 34 d, when the development of eophylls (the first green leaves developed by seedlings) started, by cutting the entire shoot above the cotyledons insertion (epicotyls and eophylls).
Detachment of cotyledons was performed at 7, 19, 26, 34, and 41 d after the beginning of imbibition, from plants grown as in the control treatment. The detachment dates were chosen on the basis of the results obtained by Tiné et al. (2000) . These time points were chosen to isolate the cotyledons before, during, and after the start of xyloglucan mobilization. The detached cotyledons were surface-sterilized for 15 s in 70% (v/v) ethanol containing 1% (v/v) polyoxyethilene sorbitan monooleate (Tween 80) and placed in groups of 15 in sterile petri dishes (20 3 140 mm). The solution for incubation (15 mL per dish) was composed of freshly distilled water, 1 mM CaCl 2 , 300 mg L 21 ampicillin, plus 2,4-D at 10 24 , 10 25 , 10 26 M or water (as a control). All detached cotyledons (2,4-D treated and water control) were kept in the same growth chamber where seedlings were grown. This was done in order to maintain the same temperature regimes but in darkness to avoid light oxidation of auxin. The change of the incubation solutions and the surface sterilization were performed daily to avoid differences in hormonal concentration and microbial contamination.
The second experiment (Fig. 7 ) was performed only with attached cotyledons in seedlings following different treatments in order to distinguish between the effects of sink strength, endogenous IAA, and light on xyloglucan mobilization. The treatments were: intact seedlings (intact), shoot excised seedlings (excised), shoot excised seedlings with light-protected cotyledons (excised LPC), shoot apex excised seedlings (top shoot excised), and intact plants treated with NPA at 200 mM (NPA 200 mM). The intact seedlings were grown under the same conditions of light, temperature, and humidity as used for the control plants in the first experiment. Shoot excision was performed as in the first experiment. However, for seedlings that had their top shoot excised, the plants were grown without the apex of the last internode (the second), the remaining sink being the expansion of eophylls. In light-protected cotyledons treatment, the cotyledons were wrapped with aluminum foil before the start of xyloglucan mobilization (approximately 26 d). At the same time, the NPA treatment was performed by applying a ring of lanolin paste containing 200 mM NPA (concentration chosen according to Reed et al., 1998, and Sieburth, 1999) . The paste was applied, after warming with hot water, on the epicotyl surface 1 cm above the cotyledon insertion, using the tip of a Pasteur pipette. The amount of paste applied was around 3 mg.
In all experiments, treatment samples of seedlings (Experiment I) and/or cotyledons (Experiments I and II) were collected once a week. After measurements of leaf area, all materials were stored at 280°C.
Dry Mass and Leaf Area of Seedlings
The seedlings of the first experiment were divided into leaves, stems (nodes and internodes), and roots. Leaf area was analyzed using a digital system (Skye Instruments, Llandrindod Wells, UK) and together with the other seedling parts dried at 70°C (72 h) and weighed to determine dry mass. The analyses were performed separately on five seedlings per sample.
Dry Mass of Cotyledons and Xyloglucan Determination
Ten cotyledons per sample (Experiment I) were divided into two groups, in which five were used for dry mass and carbohydrate determinations, and the other five were used for enzyme analyses. Samples of the first group were dried at 70°C (72 h), weighed (dry mass), powdered, and divided into three subsamples (100 mg each). These were subjected to xyloglucan extraction in 30 mL of water at 80°C for 8 h. After filtration through nylon cloth, centrifugation was performed (10,000g, 30 min, 5°C), followed by precipitation with three volumes of ethanol. The precipitate was stored overnight at 5°C, collected by centrifugation, freeze-dried, and weighed. The water-soluble polysaccharides from the cotyledons produced a freeze-dried fluffy material that comprised more than 95% xyloglucan (Buckeridge et al., 1992) . The freeze-dried xyloglucan was weighed, and the content was calculated in relation to cotyledon dry mass.
Starch, Suc, and Monosaccharide Analyses
The same powdered cotyledons used for xyloglucan extraction were submitted to starch and soluble sugar measurements. The starch analyses were performed according to an enzymatic technique described by Arêas and Lajolo (1980) . One hundred milligrams of each powdered cotyledon was weighed and submitted to four extractions with 0.5 mL of 80% (v/v) ethanol (80°C, 20 min). After each extraction, the insoluble material was pelleted by centrifugation (10,000g, 15 min), and the supernatants were pooled and saved for analysis of soluble sugars. The pellets were dried at room temperature, and 1 mL of amyloglucosidase (28 unit mL 21 , in 100 mM of sodium acetate buffer, pH 4.8) was added, followed by incubation at 37°C for 3 h. The Glc released was measured by mixing 0.1 mL of sample with 1.5 mL of the complex GOD/ POD/ABTS [Glc oxidase/peroxidase at 1.5 unit mL 21 and 2,2#-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) at 0.5 mg mL 21 , all from Sigma (St.
Louis) and diluted in 100 mM phosphate buffer, pH 7.0] and incubating at 37°C for 15 min. This reaction was read at 540 nm, and using a standard curve with Glc, the proportion of starch present in the cotyledons was calculated. Glc released was adjusted (210%) to the mass of linked Glc that is present in starch.
To measure the soluble sugars (Suc, Glc, and Fru) the alcohol supernatants were dried, suspended in water (1 mL), filtered (Millipore 0.25; Bedford, MA) , and analyzed by high performance anion-exchange chromatography on a CarboPak PA-1 column (Dionex, Sunnyvale, CA) using a gradient elution from 0 (water) to 200 mM NaOH in water (20 min). Sugars were detected by a pulsed amperometric detector (PAD; Dionex). Detector responses were compared with the standards of Glc, Fru, and Suc at 25, 50, 75, 100, 150, and 200 mM. The standard curve for each sugar was used to calculate carbohydrate contents in the cotyledons.
Determination of Enzyme Activities
Samples of cotyledons were weighed, cut into small pieces, and pooled to compose three subsamples (0.5 g each). These subsamples were homogenized for 15 s (Ultra-Turrax T25, IKA-Labortechnik, Staufen, Germany ) with 5 mL of sodium acetate buffer (500 mM, pH 5.0). The homogenized subsamples were kept at 5°C for 20 min, and after centrifugation (10,000g, 10 min) the supernatants were separated. Protein concentration was estimated according to Bradford (1976) , and the activities of b-galactosidase, b-glucosidase, a-xylosidase (only in the second experiment), and XEH were performed. All enzyme activity measurements were adapted from Tiné et al. (2000) .
The determination of b-galactosidase and b-glucosidase activities were performed by addition of 10 mL of protein extract (in 500 mM sodium acetate buffer, pH 5.0), 40 mL of distilled water, and 50 mL of 40 mM r-nitrophenil-bgalactopyranoside (rNP-b-Gal) or 40 mM r-nitrophenyl-b-glucopyranoside (rNP-b-Glc), respectively, per microplate well. Reactions were incubated at 40°C for 10 min and stopped by addition of 200 mL of 0.1 N Na 2 CO 3 , and the absorbance was read at 405 nm.
The a-xylosidase activity was measured by addition of 50 mL of protein extract (in 500 mM sodium acetate buffer, pH 5.0), 50 mL of xyloglucan oligosaccharides (XGO; 1%, w/v; a mixture of limit digest oligosaccharides produced by hydrolysis with Trichoderma cellulase for 24 h), and 50 mL of water per microplate well. The plates were incubated at 30°C (24 h). After incubation, 200 mL of fresh r-bromoaneline (0.5 g of r-bromoaneline diluted in 25 mL of acetic acid with 1 g of thiourea) was added, followed by incubation at 70°C for 10 min and 1 h at room temperature in the darkness. The plates were read at 520 nm. To avoid the interference of free endogenous pentoses, each analysis had a second plate that was not incubated in both 30°C (24 h) and 70°C (10 min), and the absorbance differences were subtracted. Xylose (5-30 mg) was used as a standard.
For determination of XEH, we adapted the method described by Sulová et al. (1995) . The mixture of incubation was composed of 5 mL of XGOs (1%, w/v), 20 mL of protein extract (in 500 mM sodium acetate buffer, pH 5.0), and 20 mL of xyloglucan (0.1%, w/v) per well, and incubation was performed for 2 h at 30°C. Enzyme reaction was stopped by addition of 20 mL of 1 N HCl. This was followed by addition of 150 mL of distilled water, 50 mL of 20% (w/v) Na 2 SO 4 , and 40 mL of KI/I 2 :water (1:10, v/v), and after incubation for 10 min at room temperature, the mixture was read at 630 nm. As a control, we used the same extracts without incubation to avoid endogenous xyloglucan interference and the reagents were added, at the same volumes, but in the following order: HCl (to stop XTH enzyme activity), protein extract, XGO, xyloglucan, water, Na 2 SO 4 , and KI/I 2 . All plates (incubated and not) were read together, and the relative reduction (%) in absorbances of incubated samples in relation to nonincubated (control) were calculated. Since the reduction in A 630 is proportional to reduction in the interaction between xyloglucan and iodine, the percentage of reduction in absorbance was considered as the XEH activity expressed as percentage of hydrolysis of xyloglucan per time (h) and per protein mass (mg) of one cotyledon. All enzymatic measurements were made in two replicates, and the specific activities were calculated in relation to the total protein present per cotyledon.
Measurements of Endogenous IAA
The levels of free endogenous IAA were determined by two distinct techniques. In the first experiment, an ELISA technique was employed in which the IAA was detected by a specific antibody (Peres et al., 1997) . In the second experiment, a gas chromatography-mass spectrometer with a selected ion monitoring (gas chromatography-selected ion monitoring-mass spectrometry [GC-SIM-MS]) technique was employed to confirm ELISA data.
For IAA determination by ELISA, the same samples as for enzyme activity were used. These samples were from: (1) submitted to an alcohol extraction. This was performed by addition of 3 mL of methanol per subsample and stirring for 60 h in the darkness at 4°C. During this extraction step 100 mL of [ 3 H]IAA (0.5 mCi mL 21 ) was added to each sample as an internal standard in order to determine the extraction and purification yield of IAA. The extracts were filtered in nitrocellulose (0.45-mm Millex-HV and 0.22-mm Millex-GS [Millipore]), followed by Sep-Pak C-18 column, previously preconditioned with 80% (v/v) methanol. The filtered sample was dried, suspended in 0.2 mL L 21 formic acid, pH 3.0, and submitted to IAA purification by HPLC on a C-18 column using a gradient elution with 0.2 mL L 21 formic acid, pH 3.0, and methanol (45 min). The radioactive fractions were pooled, dried, methylated with diazomethane, resuspended in water, and distributed onto a microplate of ELISA spectrophotometer preconditioned with the specific antibody to methylated-IAA, according to Peres et al. (1997) . The IAA concentration was calculated by the use of a standard curve of methylated IAA and the relative optical density. The GC-SIM-MS analyses of free endogenous IAA were performed according to Chen et al. (1988) . Five fresh cotyledons (per date and treatment) were chopped into small pieces, weighed, and divided into three subsamples (0.5 g). Each subsample was ground (Ultra-Turrax T25) adding 4 mL of 65% (v/v) isopropanol with 0.2 M imidazole buffer, pH 7.0. As an internal standard, [ 13 C 6 ]IAA was added (0.5 mg subsample 21 ). After homogenization for 1 h at 5°C, the extracts were centrifuged at 5,000g for 5 min, and the supernatants were diluted six times with water to reduce the isopropanol concentration.
The diluted extracts were applied to a preconditioned aminopropyl column (Sep-Pak NH 2 , washed sequentially with hexane, acetonitrile, water, 200 mM, pH 7.0 imidazole buffer, 2 mL each, and 10 mL of water) and sequentially washed with hexane, ethyl acetate, acetonitrile, and methanol (2 mL of each). The IAA was eluted from the aminopropyl column by addition of 3 mL of 2% (v/v) acetic acid in methanol. The eluted samples were neutralized with 20% (v/v) NH 4 OH (20 mL mL 21 ), freeze-dried, resuspended in 100 mL of methanol, and purified by HPLC using a C-18 column, which was eluted with a gradient elution of acetonitrile and 1% (v/v) acetic acid. The fractions corresponding to IAA were neutralized by 20% (v/v) NH 4 OH, dried, and resuspended in 100 mL of methanol. Samples were then methylated by addition of 1 mL of ethereal diazomethane (prepared according to Peres et al., 1997) . The methylated samples were nitrogen dried, resuspended in ethyl acetate (30 mL), and analyzed by a gas chromatography (6890 series)/mass spectrometer (5973 series, Agilent Technologies, Palo Alto, CA) using a column of medium polarity (HP1701; Hewlett-Packard, Palo Alto, CA) in the scan ion modulation mode. The detection area of endogenous IAA (130) and internal standard (136) ions and the initial concentration of the internal standard were used to calculate the IAA concentration in the cotyledons as described by Cohen et al. (1986) .
